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Although a role for the gastric and intestinal mucosa in molecular
sensing has been known for decades, the initial molecular recog-
nition events that sense the chemical composition of the luminal
contents has remained elusive. Here we identified putative taste
receptor gene transcripts in the gastrointestinal tract. Our results,
using reverse transcriptase–PCR, demonstrate the presence of
transcripts corresponding to multiple members of the T2R family of
bitter taste receptors in the antral and fundic gastric mucosa as well
as in the lining of the duodenum. In addition, cDNA clones of T2R
receptors were detected in a rat gastric endocrine cell cDNA library,
suggesting that these receptors are expressed, at least partly, in
enteroendocrine cells. Accordingly, expression of multiple T2R
receptors also was found in STC-1 cells, an enteroendocrine cell
line. The expression of � subunits of G proteins implicated in
intracellular taste signal transduction, namely G�gust, and G�t-2,
also was demonstrated in the gastrointestinal mucosa as well as in
STC-1 cells, as revealed by reverse transcriptase–PCR and DNA
sequencing, immunohistochemistry, and Western blotting. Fur-
thermore, addition of compounds widely used in bitter taste
signaling (e.g., denatonium, phenylthiocarbamide, 6-n-propil-2-
thiouracil, and cycloheximide) to STC-1 cells promoted a rapid
increase in intracellular Ca2� concentration. These results demon-
strate the expression of bitter taste receptors of the T2R family in
the mouse and rat gastrointestinal tract.

stomach � intestine � gustducin � transducin

The gustatory system has been selected during evolution to
detect nutritive and beneficial compounds as well as harmful

or toxic substances (1, 2). In particular, bitter taste has evolved
as a central warning signal against the ingestion of potentially
toxic substances (3). Recently, a large family of bitter taste
receptors (T2Rs) expressed in specialized neuroepithelial taste
receptor cells organized within taste buds in the tongue has been
identified in humans and rodents (4–6). These putative taste
receptors, which belong to the guanine nucleotide-binding reg-
ulatory protein (G protein)-coupled receptor superfamily char-
acterized by seven putative transmembrane domains, are dis-
tantly related to V1R vomeronasal receptors and opsins (5).
Genetic and biochemical evidence indicate that specific G�
subunits, gustducin (G�gust) and transducin (G�t), mediate bitter
and sweet gustatory signals in the taste buds of the lingual
epithelium (7–11).

Outside the tongue, expression of G�gust also has been local-
ized to gastric (12) and pancreatic (13) cells, suggesting that a
taste-sensing mechanism also may exist in the gastrointestinal
(GI) tract. However, not all cells that express G�gust also
coexpress members of the T2R family of receptors (5). For
example, most G�gust-positive taste receptor cells in the lingual
fungiform papillae are T2R-negative, implying that G�gust also
could mediate signaling through other receptors (9). To establish
that the gastric and intestinal mucosa play a role in molecular
sensing and to unravel the signaling mechanisms involved, it is

of critical importance to identify taste receptor gene transcripts
in the lining of the stomach or intestine.

In view of the importance of chemical sensing in food intake,
digestion, and poison rejection, we determined whether bitter
taste receptors are expressed in the GI tract. In the present study,
we demonstrate the expression of multiple bitter taste receptors
of the T2R family as well as G�gust and G�t-2 in rat and mouse
stomach and small intestine. We also found expression of
multiple T2Rs family members, G�gust and G�t-2, in the mouse
intestinal endocrine tumor cell line STC-1. Stimulation of these
cells with bitter-tasting compounds including denatonium, phe-
nylthiocarbamide, 6-n-propil-2-thiouracil, or cycloheximide in-
duced rapid intracellular Ca2� signaling. The identification of
chemosensory receptors in the stomach and intestine that per-
ceive chemical components of ingested substances including
drugs and toxins has important implications for understanding
molecular sensing in the GI tract and for developing novel
therapeutic compounds that modify the function of these recep-
tors in the gut.

Materials and Methods
Cell Lines. The intestinal STC-1 cell line, a gift from D. Hanahan
(University of California, San Francisco), was derived from an
endocrine tumor that developed in the small intestine of a double
transgenic mouse expressing the rat insulin promoter linked to
the simian virus 40 large T antigen and to the polyomavirus small
T antigen, respectively (14). The culture medium consisted of
DMEM supplemented with 5% FBS and antibiotics (100
units�ml penicillin plus 50 mmol�liter streptomycin). Swiss 3T3
fibroblasts and IEC-6 and IEC-18 cells were cultured in DMEM
supplemented with 10% FBS, as described (15, 16).

Tissues, cDNA, and Genomic DNA Library. Mouse (C57BL�[6])
tissues were collected from stomach (antrum and fundus),
duodenum, jejunum, ileum, colon, heart, kidney, liver, and
tongue. Rat (Sprague–Dawley) tissues were collected from
stomach, duodenum, liver, kidney, and submandibular gland.

Collagenase-dispersed rat gastric endocrine cells were isolated
by elutriation and enriched by density gradient centrifugation.
Poly(A)� RNA was extracted from pooled cell pellet (�108

cells), and gastric endocrine cell markers including somatostatin
and histidine decarboxylase were verified by reverse transcripta-
se–PCR (RT-PCR). A cDNA expression library was prepared
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from size-fractionated poly(A)� RNA by using � ZAP-CMV XR
vector (Stratagene). Mouse genomic DNA clones were obtained
by PCR screening of two bacterial artificial chromosome mouse
ES-129�SvJ genomic DNA libraries (release version I and II,
Incyte Genomics, St. Louis, MO).

Design of Oligonucleotide Primers. Transducin primers were de-
signed based on the consensus sequence encoding the C-
terminal 114 aa of human and mouse rod and cone transducins.
Gustducin primers were synthesized based on published rat
sequence (GenBank accession no. X65747). Intron-spanning
�-actin primers (forward: TTGTAACCAACTGGGAC-
GATATGG; reverse: GATCTTGATCTTCATGGTGCTAGG)
(CLONTECH) were used to amplify a control transcript of
764 bp.

Our strategy to detect expression of taste receptor-related
sequences in the lining of the stomach and small intestine was to
use RT-PCR with either degenerate or specific oligonucleotide
primers based on published T1R (17), T2R (4, 5), and TRB (6)
sequences. Degenerate primers were designed from the con-
served regions in TM2 (forward primers) and TM6 or TM7
(reverse primers) of each taste receptor gene family. For T1R,
primer sequences were: TM-2, ACCTCWTSCARGCCATGCG;
TM-7, CTKGAAGGCRAYGCAGATG. For T2R, primer se-
quences were: TM-2, GGYYTNGSNAYNWSNMRNDT;
TM-7, GBHNYKNYKNAGNBKNBDRT. For TRB, primer
sequences were: TM-2, CTGCYCTGGCCATCTCCAG; TM-6,
TGCARGSCYYTDATRTGGGC. Specific primers also were
synthesized from the similar regions based on published se-
quences in the National Center for Biotechnology Information
database except for rT2R10, which was reported only as a partial
sequence (Table 1, which is published as supporting information
on the PNAS web site, www.pnas.org).

RT-PCR and DNA Sequencing. RT-PCR was performed on 0.1 �g of
poly(A)� RNA isolated by a oligo(dT) cellulose spin column
(FastTrack 2.0 Kit, Invitrogen). First-strand cDNA was synthe-
sized by oligo(dT) priming using Superscript RT (Invitrogen).
PCR was performed by using degenerate or specific oligonucle-
otide primers derived from rat or mouse T2R receptor se-
quences. Reactions were performed in Taq� DNA polymerase
(Stragtagene) in high-salt buffer containing 200 �M of each
dNTP and 50 pmol of each primer pair. After 1 min at 94°C, 30
cycles were performed at 92°C for 1 min, 57°C for 1 min, 72°C
for 2 min, followed by a final extension step at 72°C for 10 min.
Sequences of all PCR products were confirmed by DNA se-
quencing, which was performed by a thermo-cycling protocol
and subsequently analyzed on an automatic DNA sequencer
(model 377, Applied Biosystems). CLUSTALW alignment and
DNA sequence search and analysis were performed with
MACVECTOR software (version 6.5, Accelrys, San Diego).

Immunohistochemistry. Animals were anesthetized with halo-
thane and cardioperfused with PBS followed by 4% parafor-
maldehyde (PFA) in PBS. Stomachs were removed, postfixed in
4% PFA overnight, trimmed, and embedded in paraffin blocks.
Four-micrometer sections were cut and stained with hematox-
ylin�eosin.

For immunohistochemistry, deparaffinized sections were
used. Unmasking was carried out by steaming the sections for 20
min. After inhibition of endogenous peroxidase with hydrogen
peroxide and incubation with normal goat serum, the primary
antibodies were applied (G�gust and G�t-2, Santa Cruz Biotech-
nology) at a 1:50 dilution. After washing, the secondary antibody
(biotinylated goat anti-rabbit IgG 1:200, Vector Laboratories)
was applied, and the sections were then incubated with avi-
din�biotinilated horseradish peroxidase. Development was
done with diaminobenzidine nickel or 3-amino-9-ethylcarbazole

substrate kits for peroxidase (SK 4100 and SK 4200, Vector
Laboratories). Sections were then counterstained with hema-
toxilin and mounted routinely.

Western Blot Analysis. STC-1 cells were lysed in 2� SDS-
polyacrylamide gel electrophoresis sample buffer (20 mM
Tris�HCl, pH 6.8�6% SDS�2 mM EDTA�4% 2-mercaptoetha-
nol�10% glycerol) and boiled for 10 min. After SDS�PAGE,
proteins were transferred to Immobilon-P membranes as de-
scribed (31) and blocked by overnight incubation with 5% nonfat
dried milk in PBS, pH 7.2. Membranes were incubated at room
temperature for 2 h with antisera specifically recognizing either
G�gust or G�t-2 (Santa Cruz Biotechnology) in PBS containing
3% nonfat dried milk. Immunoreactive bands were visualized by
using horseradish peroxidase-conjugated anti-rabbit IgG and
enhanced chemiluminescence methods.

Calcium Imaging Analysis. STC-1 cells grown on coverslips were
washed twice with PBS (pH 7.2) and then incubated in PBS
containing 5 �M Fura-2 AM (fura-2-tetra-acetoxy methyl ester;
Molecular Probes) for 45–60 min at 37°C. Coverslips were
washed with prewarmed PBS followed by mounting in an
experimental chamber (volume 0.5 ml) with continuous perfu-
sion by heated PBS (1 ml�min) at 37°C. The chamber in turn was
placed on the stage of an inverted microscope (Zeiss TV100) to
which a digital imaging system (Attofluor, Atto Instruments,
Rockville, MD) with associated software (RATIOVISION) was
attached. Ratio images (expressed as I340 nm�I380 nm, where I is
intensity) were obtained about 1 per sec, and the average ratio
values from selected regions (10 �m2) of single cells were stored
for offline analysis. Ratio values were converted to Ca2� con-
centrations by using a series of calcium buffers containing Fura-2
AM to construct a standard curve.

Results
Expression of Gustducin (G�gust) and Transducin (G�t-2) in Rat and
Mouse GI Tissues. To examine G�gust expression in the GI tract,
reversed-transcribed mRNA isolated from rat antral, fundic, and
duodenal mucosa was subjected to PCR using specific primers
based on the rat G�gust sequence (Table 1). A major PCR
product of the predicted size (332 bp) was obtained from each
of these tissues (Fig. 1). PCR amplification of a cDNA library

Fig. 1. Expression of G�gust and Gt-2 in rat GI tissues and a gastric endocrine
cell cDNA library. Consensus primers to amplify G�gust and G�t-2 were designed
based on the published rat, mouse, and human sequences, as shown in Table
1. PCR amplification was performed on reverse-transcribed poly(A)� RNA
isolated from rat antrum (A), fundus (F), and duodenum (D), and on cDNA
from a gastric endocrine cell library (GEC). The predicted sizes of the PCR
products of G�t-2 (Top) and G�gust (Middle) are 340 bp and 332 bp, respectively.
A cDNA fragment (764 bp) corresponding to �-actin was amplified as a control
transcript from the respective cDNA sample (Bottom).
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enriched in rat gastric endocrine cells with the G�gust-specific
primers also produced a 332-bp fragment. Sequence analysis
verified that these PCR products corresponded to amplified
G�gust. We confirmed the identity of gastric G�gust by cloning
and sequencing cDNA fragments encoding the entire ORF of
G�gust from the gastric endocrine cell cDNA library.

The � subunit of transducins 1 (G�t-1) and 2 (G�t-2), originally
thought to be expressed only in photoreceptor cells of the retina,
are also present in vertebrate taste cells where they are impli-
cated in intracellular taste signal transduction (7,8). Here, we
used RT-PCR and immunohistochemistry to determine whether
the transducins also are expressed in the GI mucosa.

RT-PCR using primers based on the consensus sequence
encoding the COOH-terminal 114 aa of human and mouse
transducins (Table 1) detected G�t-2 transcripts predominantly
in the fundic mucosa (Fig. 1). Weaker RT-PCR signals also were
obtained with RNA extracted from the gastric antrum and
duodenum. In addition, G�t-2 was detected in the cDNA library
of rat gastric endocrine cells. In contrast, using the same
conditions of RT-PCR, only faint signals corresponding to
amplified G�t-1 were obtained from fundus, antrum, duodenum,
and the cDNA library of rat gastric endocrine cells. When
RT-PCR for G�t-1 was performed for 15 additional cycles, the
predicted G�t-1 product (340 bp) was detected only in the fundus,
whereas an unspliced variant containing an additional 116-bp
intron 7 (456 bp) was identified in the antrum (data not shown).
These results indicate that, in addition to G�gust, the transducins,
especially G�t-2, also are expressed in the gastrointestinal system.

Whereas G�gust transcripts were detected in the fundus and
the antrum, G�t-2 appeared to be present preferentially in the
fundus, suggesting that these two G� proteins might be ex-
pressed by different gastric cells. To examine this possibility, we
determined the expression of the � subunits of these G proteins
by immunohistochemistry using specific antibodies directed
against unique amino acid sequences of G�gust and G�t-2 (see
legends to Figs. 7 and 8, which are published as supporting
information on the PNAS web site). We verified that these
antibodies immunostained the taste buds of the lingual epithe-
lium and the cones of the retina (Figs. 7 and 8). In sections of
mouse fundic mucosa, G�t-2 was localized to cells present in the
base rather than the apical region of the glands (Fig. 2A). In the
neck, only few scattered G�t-2-positive cells were seen. Con-
versely, most G�gust-positive cells of the fundus were located in
the upper (neck) region of the glands, the isthmus, or the surface
epithelium but not in the basal portion (Fig. 2B). G�t-2-positive
cells were found rarely in the antral mucosa whereas G�gust-
positive cells were abundant in that zone of the stomach (Fig. 2
C and D). Exposure of the G�t-2 and G�gust antibodies to the
corresponding immunogenic peptides completely abolished im-
munostaining of the gastric epithelial cells (Figs. 7 and 8). As
revealed by examination of serial sections, the distribution and
morphology (see Fig. 2 A and D Insets) of G�t-2-positive cells
were clearly different from those of G�gust-positive cells (Fig. 2).
The findings presented in Figs. 1 and 2 indicate that G�gust and
G�t-2 appear to be expressed by distinct epithelial cell types in
the gastric mucosa.

Identification of Putative Taste Receptor Transcripts in the Rat and
Mouse Gastroenteric Mucosa. Because gustducin and transducins,
which are implicated in bitter taste receptor signal transduction,
are expressed in the GI tract, our next step was to determine
whether any member of the taste receptor families identified in
taste cells of the lingual epithelium are also expressed in the
gastric and duodenal mucosa. Initially, we searched for the
expression of T1R (17), T2R (4, 5), and TRB (6) members by
RT-PCR using degenerate primers designed for each gene
family. We did not detect any transcripts of the T1R or TRB
families in the mouse or rat gastric or duodenal mucosa. In

striking contrast, PCR of reverse-transcribed mRNA using de-
generate T2R-primers produced amplification products in the
antrum, fundus, and duodenum.

In view of these findings, we decided to examine the expression
of 11 known rT2R subtypes (rT2R1 to 12, except for rT2R11,
which is a pseudogene) in the rat antral, fundic, and duodenal
tissues. RT-PCR using rat subtype-specific primers (Table 1)
detected multiple T2R transcripts in rat antrum, fundus, and
duodenum (Fig. 3). In addition, we found multiple T2R cDNA
sequences in a highly enriched rat gastric endocrine cell cDNA
library (Fig. 3). All amplified products were cloned and se-
quenced, confirming that they are identical to known taste
receptor sequences. Interestingly, we noted some differences in
the expression of the receptor subtypes. Whereas all receptor
subtypes tested (T2R 1–12) were detected in the duodenum,
T2R4 was absent from the stomach and T2R4 and T2R5 were
not detected in the fundus. In addition, PCR amplification
products corresponding to T2R2, T2R3, T2R5, T2R6, T2R8,
T2R10, and T2R12 were generated from the rat gastric endo-
crine cell cDNA library. In contrast, RT-PCR using RNA
isolated from liver, submandibular gland, heart, kidney, and
brain as well as from the nondifferentiated intestinal epithelial
cell line IEC-6 did not detect any of these transcripts (data not
shown). These results revealed the selective expression of taste
receptors of the T2R family in the rat gastric and duodenal
mucosa.

We also determined whether any of the known murine T2Rs
are expressed in mouse gastric and duodenal tissues. RT-PCR
and sequencing analysis indicated that transcripts corresponding
to the T2R family members mT2R5 and mT2R19 were present
in these upper GI tissues (Fig 4). To verify that the taste
receptors expressed in the mouse gastroenteric mucosa are
identical to those identified in taste cells from the lingual
epithelium, we isolated the full-length cDNA of mT2R19 (�1
kb) and mT2R5 (�0.9 kb) from the gastric tissues and confirmed
that their sequences were identical to those from the tongue. We
also examined whether mT2R19, which was more abundant than

Fig. 2. Immunostaining of G�t-2 and G�gust in mouse fundus (A and B) and
antrum (C and D). (A) Immunostaining with antibody against G�t-2 The base of
the fundic glands is rich in positively stained cells (arrows) (�40). (Inset)
Higher-power (�100) view of a gland showing that the stained cell is round,
with a central or slightly eccentric nucleus and pale cytoplasm. (B) A consec-
utive section stained with antibody against G�gust. There are no positive cells
at this portion of the gland (�40). (C) Antral mucosa immunostained with
antibody against G�t-2. There are no positive cells (�40). (D) A consecutive
section stained with antibody against G�gust. Arrows point at some of the
many positively stained cells (�40). (Inset) Higher-power (�100) view of a
G�gust-positive cell exhibiting an elongated shape with a luminal pole and a
projection toward the basement membrane.
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mT2R5 in the stomach, was also expressed in other mouse tissues
and cell lines. We detected transcripts of mT2R19 in the antrum,
fundus, and duodenum as well as in the tongue but not in other
tissues, including colon, liver, heart, and kidney (Fig. 4).

Expression of G�gust, G�t-2, and T2R Family Members in STC-1 Cells.
The enteroendocrine cells play a critical role in the integration
and coordination of multiple physiological functions in the GI
tract including motility, release of GI hormones, and pancre-
atobiliary secretion. We hypothesized that these cells could play
a role in sensing the chemical composition of the luminal
contents. As a first step toward testing this hypothesis, we
examined whether the intestinal STC-1 cell line, a mixed pop-
ulation of gut endocrine cells (14, 18), expresses members of the
T2R family as well as � subunits of G proteins implicated in
intracellular taste signal transduction.

RT-PCR and sequencing revealed the presence of transcripts
for G�gust and G�t-2 in STC-1 cells (Fig. 5A). Furthermore,
Western blot analysis of STC-1 cell lysates using specific anti-
bodies directed against G�gust and G�t-2 revealed immunoreac-

tive bands of 42–46 kDa, which were extinguished by the
presence of the immunogenic peptide (Fig. 5B). These results
demonstrate that STC-1 cells express the � subunits of G
proteins implicated in intracellular taste signal transduction and
thus, prompted us to examine whether these enteroendocrine
cells could also express bitter taste receptors.

To test whether members of the T2R family are expressed in
STC-1 cells, we initially used mouse T2R subtype-specific prim-
ers based on the available sequence of mT2R5, mT2R8, and
mT2R19 (Table 1). RT-PCR and sequencing analysis revealed
the presence of mT2R5 and mT2R19. The taste receptors from
the STC-1 cells are identical to those from the taste cells, as
shown by sequencing the cDNA encoding the full-length recep-
tor proteins of mT2R19 and mT2R5 from these cells. In contrast,
none of these transcripts were detected by RT-PCR using RNA
isolated from mouse Swiss 3T3 fibroblasts.

To determine whether additional members of the bitter taste
receptor family are expressed in STC-1 cells, rat T2R subtype-
specific primers (Table 1) were used to amplify mouse STC-1 cell
cDNA. RT-PCR and sequencing analysis demonstrated that
STC-1 cells expressed mouse orthologs of rT2R1 (mT2R19),
rT2R2 (mT2R23), rT2R3 (mT2R18), rT2R4 (mT2R7), rT2R6
(mT2R30), rT2R8 (mT2R2), rT2R9 (mT2R5), and rT2R12
(mT2R26) (Fig. 5C).

In some cases, multiple T2R sequences were obtained by using
the same rat T2R primer pair (e.g., rT2R2, rT2R6, and rT2R8),
suggesting that they may represent other closely related family
members. To confirm the existence of these T2R genes, we used
specific primers to amplify the mouse gene fragments from
genomic DNA and to screen for these mouse genes in two
genomic DNA libraries (bacterial artificial chromosome mouse
ES-129�SvJ release version I and II, Incyte Genomics). Seven
clones were obtained, and four mT2R genes (corresponding to
STC-1 cDNA clones 9–1, 9–2, 9–7, and mT2R5) were found in
these genomic DNA clones.

Predicted Partial and Complete Amino Acid Sequences from STC-1
cDNA and Genomic Clones. Amino acid sequences were deduced
from cDNA clones of STC-1 generated by RT-PCR with rat-

Fig. 3. Expression of members of the rT2R family of receptors in rat gastric
and duodenal mucosa. RT-PCR was performed by using specific primers for
each of the 11 rT2R subtypes (Table 1) on poly(A)� RNA isolated from rat
antral, fundic, duodenal mucosa, and IEC-6 cells, and on cDNAs from a rat
gastric endocrine cell cDNA library. PCR products were separated on 1%
agarose gel containing ethidium bromide, and products of the predicted size
(Table 1) for each rT2R subtype were subcloned and sequenced to verify their
identity. Control transcript �-actin from the respective sample is shown in the
far right lanes.

Fig. 4. Distribution of mT2R19 transcripts in mouse tissues. RT-PCR using
mT2R19-specific primers (Table 1) was performed on cDNAs prepared from
various mouse tissues. PCR products were separated on 1% agarose gel
containing ethidium bromide, and the identity of the predicted mT2R19 cDNA
fragment (698 bp) was confirmed by DNA sequencing. A: antrum; F: fundus;
D: duodenum; I: ileum; J: jejunum; C: colon; L: liver; H: heart; K: kidney; T:
tongue (Upper). As a control, �-actin from the respective samples was ampli-
fied (Lower).

Fig. 5. Expression of G�t-2, G�gust, and members of the T2R family in STC-1
cells. (A) RT-PCR analysis for the � subunits of Gt-2 and Ggust was performed on
poly(A)� RNA isolated from STC-1 cells. PCR products with the predicted size
were subcloned and sequenced to confirm their identity. (B) Immunoblot
analysis for G�t-2 and G�gust was performed on total protein extracts prepared
from STC-1 cells. Normal or preabsorbed G�t-2 and G�gust-specific antibodies
were used to detect the presence of these G� subunits in STC-1 cell lysates by
Western blotting. (C) RT-PCR analysis using rat T2R subtype-specific primers
was performed on the same cDNAs used in the experiments described in A. PCR
products corresponding to the predicted mT2Rs were subcloned and se-
quenced to confirm their relatedness to published rat and mouse sequences.
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specific primers (T2R1, T2R2, T2R3, T2R4, T2R6, T2R8, T2R9,
and T2R12) or from the genomic clones isolated from the mouse
genomic DNA libraries. This analysis revealed that mouse
gene�cDNA 9–1 is a novel sequence related to mT2R23 and
rT2R2 (84–85% homology) and also to the known partial
sequence of rT2R10 (89% homology). Mouse gene correspond-
ing to cDNA clone 9–1 was further characterized for its expres-
sion in mouse GI tissues and STC-1 cells. We found the presence
of identical 9–1 transcripts by isolating cDNA that encodes the
predicted full-length sequence of this member of the T2R family
from fundic mucosa and STC-1 cells. The mouse gene corre-
sponding to cDNA clone 9–2 was found to be related to mT2R23
with 11-aa substitutions, and the third mouse gene�cDNA 9–7
is almost identical to mT2R2 with only 2-aa changes.

Mouse cDNA clones 7–1 and 7–4 are rT2R6 orthologs gen-
erated from STC-1 by RT-PCR using rT2R6-specific primers.
Both clone 7–1 and 7–4 encode partial T2R sequences (TM-2 to
TM-7) that are closely related to mT2R30, with 85% and 95%
homology, respectively.

Calcium Response of STC-1 Cells to Bitter Taste Substances. Having
demonstrated that STC-1 cells express G�gust, G�t-2, and mul-
tiple bitter taste receptors, our next step was to examine whether
the addition of bitter taste compounds induces a functional
response in these cells. Because of heterogeneity of the STC-1
cell population (18), we monitored responses in the intracellular
Ca2� concentration [Ca2�]i by using Ca2� imaging of individual
cells and tested the effect of several compounds widely used in
bitter taste signaling.

Addition of denatonium benzoate to cultures of STC-1 cells,
loaded with the fluorescence Ca2� indicator Fura-2 AM, in-
duced a rapid and dose-dependent elevation in the [Ca2�]i
measured either in individual cells (Fig. 6) or in cell populations
(Fig. 9, which is published as supporting information on the
PNAS web site). At 10 mM, denatonium induced a marked
increase in [Ca2�]i in 97% of the cells examined, whereas at 1
mM this bitter tastant induced an increase in [Ca2�]i in 33% of
the STC-1 population (Fig. 6). In contrast, denatonium, at
similar concentrations, did not induce any change in [Ca2�]i in
cells that do not express T2Rs, including intestinal epithelial cells
(IEC-6 and IEC-18) or mouse Swiss 3T3 fibroblasts (Figs. 6 and
9). The concentrations of denatonium used in these experiments
are similar to those used for eliciting second messenger changes
(19) and ion channel activity (20) in taste tissues. A variety of
other bitter substances including phenylthiocarbamide, 6-n-
propil-2-thiouracil, caffeine, and nicotine also induced robust
[Ca2�]i responses in STC-1 cells (Fig. 6).

Heterologous expression in HEK-293 cells of chimeric T2R
receptors containing the NH2-terminal 39 aa of rhodopsin has
demonstrated that mT2R-5 responds to cycloheximide, as shown
by an increase in [Ca2�]i (4). Because a low level of mT2R5
expression also was detected in STC-1 cells, we determined
whether cycloheximide stimulates a [Ca2�]i response in these
cells. We found that addition of cycloheximide at 50 �M induced
oscillatory changes in [Ca2�]i in a small subpopulation of STC-1
cells (Fig. 6). When cycloheximide was added at 250 �M, the
responding cells exhibited an increase in [Ca2�]i with typical
peak and plateau phases. In contrast, other bitter substances
including atropine, caffeic acid, and epicatechin did not induce
any detectable change in [Ca2�]i in STC-1 cells.

Discussion
Molecular sensing of the luminal contents of the GI tract not
only regulates motility, release of GI hormones, and pancreato-
biliary secretion, but it is also responsible for the detection of
ingested drugs and toxins thereby initiating responses critical for
survival. The enteroendocrine cells, which produce and release
more than 20 identified hormones, are thought to play a critical

role in the integration and coordination of these physiological
responses (21). Although these fundamental control systems
have been known for decades, the initial molecular recognition
events that sense the chemical composition of the luminal
contents have remained elusive.

The results presented here identify the presence of transcripts
corresponding to the T2R family of bitter taste receptors in the
antral and fundic gastric mucosa as well as in the lining of the
duodenum. In addition, we detected cDNA clones of T2R
receptors in a rat gastric endocrine cell cDNA library, suggesting
that these receptors are expressed, at least in part, in enteroen-
docrine cells of the GI tract. In agreement with this hypothesis,
we also found expression of multiple members of the T2R family
of receptors in cultured STC-1 cells, an enteroendocrine cell line.
These results provide compelling evidence demonstrating the
expression of bitter taste receptors of the T2R family in the
mouse and rat gastro-enteric system.

Fig. 6. STC-1 cells respond to bitter tastant molecules with an increase in
[Ca2�]i. The [Ca2�]i of individual cells was measured before and after exposure
to single concentrations of bitter tastants. (A) Percent of cells that responded
to each tastant: DB, denatonium benzoate at 10 mM (n � 160 cells), 1 mM (n �
98 cells), 0.1 mM (n � 82 cells); PTC, phenylathiocarbamide at 3 mM (n � 60
cells); 6-PTU, 6-n-propyl thiouracil at 1 mM (n � 63 cells); CAF, caffeine at 10
mM (n � 52); NIC, nicotine at 10 mM (n � 53 cells); CHL, chloroquine at 1 mM
(n � 52 cells); CYC; cycloheximide at 50 �M (n � 538 cells). The values in
parenthesis are the number of cells analyzed. (B) Typical individual trace of
[Ca2�]i from a single STC-1 cell exposed to 10 mM denatonium benzoate (DB).
(C) Typical individual trace of [Ca2�]i from a single IEC-6 cell exposed sequen-
tially to 10 mM denatonium benzoate (DB) followed by 50 nM angiotensin II
(Ang), added as a positive control. (D) Individual trace of [Ca2�]i from a single
STC-1 cell exposed to 50 �M cycloheximide (CYC) that displayed an oscillatory
response. (E) Individual trace of [Ca2�]i from a single STC-1 cell exposed to 250
�M cycloheximide (CYC) that displayed a peak and plateau response. The
addition of the tastant or agonist is marked by the arrow.
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Our results also substantiate the expression of � subunits of G
proteins implicated in intracellular taste signal transduction,
namely G�gust and G�t-2, in the gastroenteric mucosa as well as
in STC-1 cells, as revealed by RT-PCR and sequencing, immu-
nohistochemistry, and Western blotting. In particular, our results
indicate that G�gust-positive cells in the stomach can be distin-
guished from cells expressing G�t-2, as judged by cell morphol-
ogy and distribution. These findings indicating the presence of
G�gust and G�t-2 in gastric epithelial cells provide further support
for the existence of chemosensory mechanisms in the postoral
GI tract.

Having demonstrated that STC-1 cells express multiple bitter
taste receptors as well as � subunits of G proteins that mediate
taste signal transduction, we also examined whether exposure of
these cells to bitter taste compounds initiates intracellular events
that may lead to changes in their function. Specifically, activation
of bitter taste receptors promotes the synthesis of second
messengers leading to the release of Ca2� from intracellular
stores or modulates the gating of ion channels that mediate Ca2�

entry into the cell (1). The increase in [Ca2�]i in response to
bitter tastants could trigger the release of signaling molecules
that activate neural reflexes and�or modulate the activity of
adjacent cells.

In the present study, we demonstrate that addition of com-
pounds widely used in bitter taste signaling (e.g., denatonium,
phenylthiocarbamide, 6-n-propil-2-thiouracil, and cyclohexi-
mide) to cultures of STC-1 cells promoted rapid [Ca2�]i re-
sponses in these cells. Given that at present there are not
cultured cell model systems to study taste receptor-mediated
signaling, our findings suggest that STC-1 cells may emerge as a
cell model for studying T2R-mediated signal transduction.

The identification of chemosensory receptors in the stomach
and intestine that perceive chemical components of ingested
substances including drugs and toxins has a number of important
implications including the design of novel molecules that modify
responses initiated by activation of these receptors. For example,
drugs and toxins initiate vomiting reflexes; several food com-
ponents regulate appetite and satiety, alter motility of the
stomach, and intestine and initiate neural and hormonal path-
ways necessary for normal digestive function. It is likely that the
large family of chemosensory receptors that we identified in the
stomach and intestine play a major role in mediating these
responses.

A challenging question will be to elucidate whether taste
reception in the postoral GI tract is integrated in the central
nervous system with taste signals emanating from the lingual
epithelium or are processed through an entirely different system
(2). In the same context, it will be important to examine whether
the behavioral effects of bitter compounds (e.g., conditioned
taste avoidance) may be the consequence of a complex integra-
tion of stimuli, perceived not only at the taste buds but also by
taste receptors expressed in the stomach and intestine. The
identification of taste receptors in the gastric and duodenal
mucosa opens new avenues for understanding molecular sensing
and could pave the way for developing therapeutic compounds
that modify the function of these receptors in the gut.
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